ABSTRACT
INTRODUCTION
In this study a high-resistance phase-to-earth fault is defined as a fault with fault resistance from 10 k up to some hundreds of kilo-ohms. Medium voltage networks in the Nordic countries have mainly isolated or compensated neutrals. These neutral earthing practices lead to very low fault current with high-resistance earth fault. The part of the neutral compensated line length in relation to neutral isolated line length has increased rapidly during the past decade and this trend will probably continue. The detection of the high-resistance earth faults is a challenging task now and in the future.
In overhead line networks high-resistance earth faults may appear due to e.g. trees leaning against a conductor or when conductor falls to the ground with very high resistivity. Such faults also develop due to conductor break when the load side end of the conductor has an earth contact. Faults with covered conductors or other network component faults (e.g. metal oxide surge arresters, overhead line pin insulators, cable terminals) often have very high impedance. These faults tend to evolve gradually into a full-scale earth fault. Thus, early identification and location of such faults is of increasing importance in improving the safety and reliability of electricity distribution. Main motive for indication is electrical safety, however. No live parts that can cause dangerous hazard voltages for humans are allowed. Secondary target is anticipation of developing phase-to-earth faults and avoiding the interruption for customers. With the help of fault indication the zone affected by the developing fault can be limited before an interruption.
The typical fault resistance that is composed of an unseasoned tree is approximately in the range 15 -200 k including the resistance of the tree and its earthing resistance [2] . These resistance values are valid in those seasons when the earth is not frozen. In wintertime much higher resistances, ranging up to several hundreds of kiloohms or some megohms can be found. Most faults of this type cannot be detected by neutral voltage overvoltage relays or monitoring of the neutral voltage.
Conventional feeder protection cannot even detect an earth fault with very high fault resistance and thus it cannot trip the faulted feeder. Although the touch voltage regulations [1] do not require the tripping of the faults with very high fault resistance, such faults may cause unsafe situations. The major safety risk appears in the situation where the conductor or other live part of the system has an earth contact e.g. directly or via a tree and the fault current is not high enough to lead to tripping. E.g. falls and breaks in the conductor when the load side end of the conductor has an earth contact are especially dangerous if the live parts can be touched by the public.
The Department of Electrical Energy Engineering of Tampere University of Technology has developed the methods for identifying and locating high-resistance earth faults in due course [3] . Implementing the indication algorithm in the centralized protection system provides new possibilities for improving the sensitivity and reliability of the high-resistance earth fault indication.
CENTRALIZED PROTECTION SYSTEM
Traditionally all protection and control functionality in the substation has been implemented to bay level protection and control IEDs (Intelligent Electronic Device horizontal level between IED devices. Secondly, the process bus (part 9-2) makes the digitized measurement information from instrument transformers available for other devices in a standardized way. When time synchronization can also be sufficiently handled with an Ethernet based IEEE 1588 standard, it is possible to utilize standard PC technology and centralize part of the substation functionality to one station computer. The concept is presented in Figure 1 and described in more detail in [4] . In the presented concept the most critical and important functionality would remain in the bay level IEDs assuring network safety in all situations. This creates the back-bone of a network protection system with a long life-cycle. When the bay level IED also sends the measurements to the station computer via IEC 61850-9-2, value added and less critical functions can be implemented to the station level where updating them is easier and cheaper. High-resistance earth fault protection function is a good example of such valueadded function which is suitable for station level implementation. It is a function with less strict operate time requirements, and also a function which benefits from the possibility of having all measurements from all feeder bays available.
TEST ENVIRONMENT FOR CENTRALIZED PROTECTION FUNCTIONS
The simulation test bench was established with the help of the Real Time Digital Simulator (RTDS ® ). RTDS performs the network calculations and communications between external devices in real time which enables the interaction studies between real physical devices and modelled power systems. A simple distribution network model consisting of three MV feeders of different lengths was modelled with the help of graphical user interface to RTDS called RSCAD (Figure 2) . Earth fault models with various fault resistances were placed to the tail parts of the feeders. The phase-toearth voltages, phase currents, neutral voltage and sum current measurements from each feeder terminal were sent to the substation computer in IEC 61850-9-2 format. The high-resistance earth fault indication algorithm was implemented to the substation computer, and algorithm trip signals were sent from the station computer to a REF630 IED via GOOSE messages as defined in IEC 61850-8-1 standard. The REF630 then converted the GOOSE messages received from the station computer to digital format, and sent the commands forward to the RTDS. REF630 IED was used in a way as a protocol converter in the simulations. The test environment for the centralized protection system is presented in Figure 3 . The station computer was equipped with IEC 61850 stack capable of receiving IEC 61850-9-2 data and communicating with GOOSE messages. The station computer was running a centralized version of highresistance earth fault algorithm which protected all three bays of the network model constructed using RSCAD. The station computer was configured with ABB's PCM600 configuration tool. The same tool was used to monitor the outputs of the high-resistance earth fault protection functions running on the station computer. Utilizing the monitoring capabilities of the PCM600, it was possible to keep the record of the calculated fault resistances of the protection functions. 
IDENTIFICATION OF HIGH-RESISTANCE EARTH FAULTS
The indication method utilizes the standard measuring information available in practice in all primary substations. Stockholm, 10-13 June 2013
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The indication method may operate independently as a relay function. It can also be implemented as a central protection function utilizing measuring information collected from the MV bays. The patented process for the indication of the earth fault also includes the information on the faulty feeder and phase. When applied as a central functionality the results can be presented centrally.
Indication method for high-resistance earth faults
The method developed in Tampere University of Technology detects the magnitude of the fault resistance of the faulty phase of the faulty feeder. In the case of a healthy feeder the magnitude of the fault resistance is theoretically infinite. In practice the fault resistance value calculated for healthy feeder is different order of magnitude compared to faulty feeder. Thereby the faulty feeder can be detected reliably.
The measuring accuracy does not allow the accurate determination of the phase-to-earth conductance of the MV feeder. Thus more reliable value for the fault resistances and thereby more sensitive fault indication can be achieved if the phase-to-earth admittances are assumed to be composed of pure capacitances. Thereby the reactive component of the sum current is separated and this alone is used for the calculation. The total sum current of the feeder also includes the component caused by the natural unbalance. The influence of the unbalance on neutral voltage and sum currents must be eliminated in order to achieve high sensitivity in the fault indication. Only neutral voltage and sum currents due to an earth fault are considered. The method can be applied with neutral isolated and compensated systems.
The most sensitive earth fault indicator is the change of the neutral voltage of the network. The indication process starts when the absolute value of the change of the neutral voltage U 0 exceeds the specified threshold value (Equation 1). If the change of the neutral voltage is due to an earth fault, U 0 refers to the neutral-to-earth voltage caused by an earth fault. When the specified threshold value U th is exceeded, the determination process of the faulty phase and calculation of the fault resistance start in every feeder. The phasor U 0 is used as a reference. Phasor I 0 represents the sum current of the feeder due to an earth fault. The influence of the natural unbalance of the feeder on the sum current is eliminated when difference phasor is considered. Phase-to-earth voltages U are also referenced to phasor U 0 . With high values of the fault resistance the phase angle of U is equal to the phase angle of the earth fault current in the case of faulty phase if the fault impedance is supposed to be purely resistive. where U 0 ' is measured neutral voltage before a change U 0M is measured neutral voltage after a change U th is specified threshold value of the neutral voltage
Indication of a faulty phase in neutral isolated system
When Condition 1 has been fulfilled, the faulty phase is determined. When the difference phasor U 0 is considered the effect of the natural unbalance of the system is eliminated. According to the theory of the phase-to-earth fault neutral voltage phasor U 0 and phase-to-earth voltage of the faulty phase U F draw a semicircle as a function of the fault resistance in neutral isolated system. This means that, with a neutral isolated system phasor U F has 90 phase difference compared to phasor U 0 during an earth fault irrespective of the fault resistance. Phase-to-earth voltages of healthy state (U 1 ', U 2 ', U 3 ') are slightly unbalanced which results from natural unbalance of the system. Thereby the phase whose phase-to-earth voltage has 90 phase difference compared to phasor U 0 during an earth fault is concluded faulty. With neutral compensated system the deduction of the faulty phase can be carried out in corresponding way taking into account that the compensation degree of the system affects the phase angle between phasors U F and U 0 during an earth fault.
Calculation of fault resistance
When information on the faulty phase is available, the fault resistance of Feeder i (R Fi ) can be calculated using Tables 1 -3 present the calculated fault resistances of the faulty feeder and one healthy feeder. Table 1 is concerning  to the neutral isolated system and Tables 2 and 3 neutral compensated system. In the case of Table 1 an artificial unbalance was generated in order to get initial conditions unbalanced which is normally the case in real networks. Angle U 1F in Table 1 With neutral isolated system the fault indication was succeeded even up to 200 k fault resistances (Table 1) . With neutral compensated system the sensitivity range of the fault resistance was 100 -150 k (Tables 2 and 3) . With RTDS GTNET cards it was possible to test the protection of the whole substation with one protection computer and without any analogue signals. According to the tests the indication algorithm was able to detect and locate faults up to 100 -200 k . Indication of the faulty phase and faulty feeder operated reliably in simulated tests and the accuracy of calculated fault resistances seemed to be adequate for the indication. These results are also a good indication of the benefits of centralized protection, not only for real life substations but also for research purposes.
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